We have developed a method to isolate insulin-responsive human hepatocytes from an intraoperative liver biopsy to study insulin action and resistance in man. Hepatocytes from obese patients with noninsulin-dependent diabetes were resistant to maximal insulin concentration, and those from obese controls to submaximal insulin concentration in comparison to nonobese controls. Insulin binding per cell number was similar in all groups. However, insulin binding per surface area was decreased in the two obese groups because their hepatocytes were larger. In addition, the pool of detergent-extractable receptor was further decreased in diabetics. Insulin receptors in all groups were unaltered as determined by affinity-labeling methods. However, insulin-stimulated insulin receptor kinase activity was decreased in diabetics. Thus, in obesity, decreased surface binding could explain resistance to submaximal insulin concentrations. In diabetes, diminished insulin-stimulated protein kinase activity and decreased intracellular pool of receptors could provide an explanation for postinsulin-binding defect(s) of insulin action in human liver.
Introduction
Type II diabetes or noninsulin-dependent diabetes mellitus (NIDDM)' is a heterogeneous disorder characterized by defects in insulin secretion and insulin action (1) (2) (3) (4) (5) . The overall insulin resistance in NIDDM, with or without obesity, has been well demonstrated with the use of several in vivo techniques (6) (7) (8) (9) (10) (11) (12) .
The site and cellular mechanism of insulin resistance in NIDDM are not well established. The liver appears to play a fundamental role in the pathogenesis of fasting hyperglycemia because of the well-documented increased hepatic glucose production (8, 13, 14) . The cause of the increased hepatic glucose production is not completely understood, but insulin resistance may play an important role by decreasing the ability of insulin (buffer); NIDDM, noninsulin-dependent diabetes mellitus; PAGE, polyacrylamide gel electrophoresis; WGA, wheat germ agglutinin.
to suppress hepatic glucose production and by allowing an unopposed glucagon effect (15) . The muscle plays the most important role in glucose disposal, and thus insulin resistance in muscle explains the postprandial hyperglycemia in NIDDM ( 16) .
The cellular alterations responsible for insulin resistance are largely unknown. Using the euglycemic clamp technique to study insulin dose-response curves, both insulin-binding and postinsulin-binding defects in NIDDM were identified, and the postbinding defect seemed to be the predominant abnormality in patients with the higher degrees of fasting hyperglycemia (8) . However, direct studies on the mechanism(s) ofinsulin resistance have only been performed in peripheral blood cells and adipocytes (7-9, 17, 18) , which play a relatively minor role in overall glucose production and disposal (19, 20) .
The goal of this study was to enhance our understanding of the mechanism(s) of insulin resistance in the liver of patients with NIDDM. To this end, we have developed a method to isolate insulin-responsive human hepatocytes from a 1-2 g liver biopsy. The liver tissue was obtained from a well-characterized population of morbidly obese patients with and without NIDDM, undergoing an elective gastric bypass (21, 22) . Data on insulin action, insulin binding, and structure and function of the hepatic insulin receptors of these patients are presented here.
Methods
Materials. a-[ I 14C]Aminoisobutyric acid (51.6 mCi/mmol), carrier-free Na 125I, [methoxyl-3H] acid, sodium salt (56.0 mCi/mmol) were obtained from New England Nuclear, Boston, MA. Crude collagenase (type IV, lots 124F-6807, 25F-6806, 25F-68 17, 44F-68 12) and deoxyribonuclease were obtained from Sigma Chemical Co., St. Louis, MO; dispase was purchased from Boehringer Mannheim Biochemicals, Indianapolis, IN; and soybean trypsin inhibitor from Worthington Biomedical Corp., Freehold, NJ. Fraction V bovine serum albumin (BSA) was obtained from Armour Pharmaceutical, Co., Kankakee, IL, and it was further purified by charcoal treatment (23) . Crystalline porcine insulin was kindly provided by Dr Human subjects. 11 morbidly obese patients with NIDDM and an equal number of morbidly obese patients without diabetes were studied. The clinical and biochemical data ofthese patients are presented in Table  I . These patients were admitted to the hospital to undergo gastric bypass for the treatment of morbid obesity. We also studied a nonobese nondiabetic group composed of four subjects who had uncomplicated gallstone disease and were admitted for elective cholecystectomy, and five brain-dead organ donors. The biochemical data on the liver ofthese two clinically different subgroups of nonobese subjects were identical. Thus, they have been combined and referred to as the nonobese comparison group. The value ofthe organ donor's liver should be underscored because we have the entire liver from the donors. This tissue has been fundamental for the development of several of the methodologies reported here. The characteristics of the nonobese comparison group were as follows: age, 34±4 y; sex, five male, four female; weight, 67±3 kg; height, 169±5 cm; fastiing plasma glucose, 108±7. None of the subjects studied had any diseases or had taken any medications known to alter carbohydrate metabolism, with the exception of the obesity and NIDDM themselves, and the administration of 1 g of methylprednisolone intravenously in four of the orkan donors immediately before the organ procurement.
All subjects had maintained constant body weight during the months preceding admission. Records of food intake of the morbidly obese patients demonstrate that -15% ofthe calories were derived from proteins, 39% from fat, and 49% from carbohydrates, which is the typical distribution of calories for this population of patients in North Carolina (24) .
Because of the effect that the caloric intake and its distribution might have on this study, the last eight mnorbidly obese patients studied were admitted into the hospital 4 d before surgery. During this period, they remained active at approximately their prehospital exercise level. They received a weight maintaining diet providing 50% of the calories as carbohydrates, 30% as fat (polyunsaturated/saturated fat ratio of 0.4 and cholesterol content of600 mg), and 20% as protein. This diet was basically the same as the one that the patients were taking as outpatients. Furthermore, fasting plasma glucose and insulin and their responses to an intravenous glucose (25 g) tolerance test (IVGTT) were identical in the same subjects studied on the ad libitum diet and the control diet. Also, the biochemical data on the liver from the same group of patients on the ad libitum diet and the control diet were similar.
Every morbidly obese patient without known diabetes mellitus had a 75-g oral glucose tolerance test as an outpatient. Their carbohydrate intake was > 150 g daily for the preceding 3 d before the test. The criteria of the National Diabetes Data Group (25) were used to classify these patients as nondiabetics. Oral glucose tolerance tests were not performed in the morbidly obese patients with diabetes with the exception of one who was not known to have NIDDM, but had a fasting plasma glucose of 282 mg/dl and a peak glucose of 429 mg/dl during the test. The morbidly obese subjects with or without NIDDM had a 25-g IVGTT as outpatients to determine the rate of glucose disappearance (KJ rate) of plasma glucose and insulin (26) . Eight of these subjects had the IVGTT repeated the third day of their hospitalization, while they were on a controlled diet as described above. Insulin or oral hypoglycemic agents were discontinued before admission into the hospital. Rapidly acting insulin was used only if the preprandial plasma glucose was over 300 mg/dl.
The subjects underwent surgery after an overnight fast. General anesthesia was induced with a short-acting barbiturate, and maintained by phentanyl and nitrous oxide-oxygen mixture. Only saline was given intravenously before the liver biopsy. After opening the abdomen, a 1-2-g liver biopsy specimen was obtained from the left lobe of the liver. Informed written consent was obtained from all patients after they were informed about the nature and potential risks of the study.
Preparation offreshly isolated human hepatocytes. After biopsy, the liver specimen (1-2 g) was respectively, and the ability of the cells to maintain normal ATP concentration during the incubation procedure (29) .
Bioassay ofinsulin action infreshly isolated human hepatocytes. The ability of insulin to stimulate the uptake of a-aminoisobutyric acid (AIB), a nonmetabolizable analogue of alanine, was used as a bioassay of insulin action. Freshly isolated human hepatocytes were preincubated for 2 h in the absence and presence of insulin (1 x 1O-9 M and 1 X 10-7 M) at 37°C (30) . After preincubation, ['4C]AIB (0.1 mM, 1.4 mCi/mmol) was added to the incubation mixture. Because AIB uptake was linear for at least 20 min, the reaction was terminated at 10 min to obtain the initial rate of uptake as previously reported for rat hepatocytes (30) .
Insulin binding in freshly isolated human hepatocytes. Insulin was iodinated with chloramine T according to the method of Cuatrecasas (31). Freshly isolated hepatocytes were incubated at 4°C for 16 h in the presence of labeled insulin (1 X 10-10 M) and increasing concentrations of unlabeled insulin. Insulin binding was expressed as specific cell-associated '25I-insulin binding after subtractions of nonspecific binding which was determined in the presence of excess 1 X 10' M unlabeled insulin. The nonspecific insulin binding was consistently <15% of the total binding.
Insulin binding to human liver plasma membranes. The liver tissue was homogenized in 50 ml of a 1 mM NaHCO3 buffer, containing 0.5 mM CaCI2, pH 7.5, as described by Ray (32) , and the plasma membranes were isolated by the aqueous two-phase polymer method of Lesko et al. Partially purified insulin receptorsfrom human liver. The liver specimen was immediately compressed between precooled copper planchets, dropped into liquid nitrogen, and stored at -70°C. The frozen liver was then used to prepare a liver microsomal fraction as described by Blackshear et al. (36) . Insulin receptors were solubilized for 60 min at room temperature with 50 mM Tris-HCI, pH 7.4, containing 1% Triton X-100, 2,uM leupetin, 2;MM pepstatin, 1 mM phenylmethylsulfonyl fluoride, 0.1 mg/ml bacitracin, and 1,000 U/ml aprotinin. The insoluble material was separated from solubilized material by centrifugation at 100,000 g for 90 min at 4°C. The soluble extract was diluted 1:2 with 50 mM Tris-HCI buffer containing various protease inhibitors and equilibrated at 4°C with 2 ml of wheat germ agglutinin (WGA) sepharose. The unabsorbed material was extensively washed with 50 mM Tris-HCl buffer, pH 7.4, containing 10 mM MgCl2, 0.1 % Triton X-100, and 1 mM phenylmethylsulfonyl fluoride. The glycoproteins were then eluted from the WGA sepharose column by the above buffer containing 0.3 M N-acetyl glucosamine. The protein concentration was measured by the method of Miller (37) after the removal of interfering substances (38) . This partially purified insulin receptor preparation was used to measure, under identical conditions, '25I-insulin binding and tyrosine specific protein kinase activity, and to affinity label the insulin receptor with 125I-insulin as described below.
'25I-insulin binding in partially purified insulin receptorsfrom human liver. 50-Ml aliquots of partially purified solubilized receptors (10 Mg of protein) were incubated in a final volume of 250 Ml in 50 mM Tris-HCI buffer, pH 7.4, containing 0.1% Triton X-100 and 10 mM MgCl2 in the presence of '251I-Insulin (1 X 10`0 M) and increasing concentrations of unlabeled insulin for 16 h at 4°C. The 125I-insulin bound to receptor was precipitated by adding bovine gamma-globulin and 12.5% polyethylene glycol at 4°C as previously described (30) .
Tyrosine-specific protein kinase activity of human liver insulin re- Affinity labeling ofthe insulin receptor with '25I-insulin. After optimal '251-insulin binding in the absence and presence of unlabeled insulin (1 x 10-6 M) to purified insulin receptors as described in the preceding section, the '25I-insulin receptor complex was covalently cross-linked with 0.5 mM dissuccinamidyl suberate for 10 min at 4°C by the method of Pilch and Czech (40). The reaction was stopped by adding 50 mM Tris-HCl (pH 7.0) containing 1% sodium dodecyl sulfate, 0.005% bromophenol blue, and 2% glycerol in the presence of 50 mM dithiothreitol and boiling for 3 min. Polyacrylamide gel electrophoresis (PAGE) was performed according to the method of Laemmli (41) in a 7.5% acrylamide resolving gel and a 4.5% acrylamide stacking gel. The gels were fixed, stained with 0.25% Coomassie blue, destained, dried, and autoradiographed for 24 h at -70°C with Kodak X-OMAT film using lightening plus screen.
Statistical analysis. Descriptive statistics (mean±standard error of the mean) and comparative statistics (analysis of variance and t tests) were performed using a computerized program (Stat View, the graphic statistics for the Macintosh).
Results
Isolation ofhuman hepatocytes and their characterization. The method to isolate human hepatocytes reported here is a modification of other methods (42-45). After several attempts, four points become clear, which are the basis ofthe method described here. First, the four 10-min preincubation washing periods at 37°C of the liver slices before the enzymatic treatment, as described by Gebhardt et al. (43) to stimulate AIB uptake was used as a bioassay ofinsulin action (Fig. 3) . The basal rate of AIB uptake was increased in the hepatocytes from nondiabetic subjects when compared with the obese subjects with NIDDM. However, this difference was not statistically significant. Basal AIB uptake in freshly isolated hepatocytes from humans was similar to that previously reported (30) in freshly isolated rat hepatocytes (37±13 pmol/106 cells/ min in humans; 46±6 pmol/106 cells/min in rats). The insulinstimulated AIB uptake was determined using submaximal (1 X 10-9 M) and maximal (1 X lo-' M) concentrations ofinsulin.
Insulin at 1 X 10-9 M and 1 X l0-7 M stimulated AIB uptake 43±17% and 118±18% above basal (P < 0.05-0.005), respectively, in human hepatocytes from nonobese subjects. Human hepatocytes from morbidly obese subjects were also responsive to insulin, but this response was significant (P < 0.005) only with maximal concentrations of insulin. Because of the limited amount of material for these studies, these data only suggest a shift to the right in the dose-response curve in the patients with morbid obesity. Hepatocytes from patients with obesity and NIDDM were unresponsive to submaximal or maximal concentrations of insulin. Thus far, this data demonstrates that the human liver from NIDDM studied in vitro is resistant to insulin with regard to AIB uptake. The next part of this study was designed to define further the mechanism ofthis insulin resistance. Insulin binding. Fig. 4 demonstrates Scatchard plots of insulin binding in freshly isolated hepatocytes performed at 4°C. These plots show that the apparent affinity of the insulin receptor for insulin and the number ofbinding sites are the same in the three groups ofpatients when the data are expressed per 1 X 106 cells. The concentration of native insulin displacing 50% of tracer Insulin (M) Figure 3 . Insulin action in freshly isolated human hepatocytes. Freshly isolated human hepatocytes (0.5-1 X 101 cells/ml) were preincubated at 37°C, under 95% 02/5% CO2 atmosphere in the presence and absence of different concentrations of insulin for 2 h in KRB buffer supplemented with 3% BSA. Then, AIB (0.1 mM, 1.4 mCi/mmol) was added and 10 min later the reaction was stopped. The figure shows the dose-response curve of insulin-stimulated AIB uptake (mean±SEM) from five obese patients with NIDDM (.), three obese controls (*), and three nonobese subjects (o). Freshly isolated human hepatocytes (0.5-1 X 101 cells/ml) were incubated for 16 h at 4°C with a tracer amount of '25I-insulin (1 X 10-10 M) and increasing concentrations of unlabeled insulin (0-lo-6 M) in KRB buffer supplemented with 3% BSA. The cells were separated from the medium by centrifugation through dibutylphthalate oil. Nonspecific 125I-insulin binding, defined as the residual radioactivity present in the presence of 1 X 151 M insulin, was substructed from total bound radioactivity to determine specific '25I-insulin binding.
The figure shows the Scatchard plots of the insulin binding data (mean±SEM) from four obese patients with NIDDM (.), three obese controls (*), and four nonobese subjects (o).
1.3 X 10-' M for the obese NIDDM, obese, and nonobese subjects, respectively, further suggesting that the binding affinity for insulin is the same in the three groups. However, since the volume of hepatocytes from nonobese subjects was smaller than in the obese patients, '25I-insulin binding is higher in the nonobese controls when expressed as per unit of cell surface area. The data in isolated hepatocytes represent cell surface insulin binding because at 4°C insulin internalization and degradation are negligible. Thus, we next studied the total pool of detergent extractable insulin receptors from a portion ofthe liver specimen prior to cell isolation. Fig. 5 shows the Scatchard plots ofinsulin binding in detergent solubilized receptor extracts. The concentration of native insulin displacing 50% of tracer 1251-insulin (1 X 1010 M) was 0.8 x 10-9M, 0.8 x 10-9M, and 1.2 X 10-9 M for the obese NIDDM, obese control, and nonobese groups, respectively, suggesting that the binding affinity for insulin is the same in the three groups as shown by the parallelism of the Scatchard plots. Analysis ofvariance ofthese plots demonstrates significant differences (P < 0.01-0.005) between the three groups at low concentrations of insulin (1 X 10-10 M to 1 X 10-9 M, the first three points in the Scatchard plots), but no differences at the insulin concentrations >5 X 10-9 M. At low concentrations of insulin, the bound/free ratio and the bound insulin was lower (P < 0.005) in the NIDDM patients when compared with the nonobese subjects. The obese subjects were in between the two groups, but were more similar to the nonobese subjects than to the diabetics. The only difference (P < 0.05) between the obese and nonobese subjects was in the bound insulin at ferent at 1 X 10-10 M (bound and bound/free, P < 0.05) and 1 X 10-9 M insulin concentrations (bound/free, P < 0.025). These data in detergent-solubilized receptor extracts are different from what could be predicted from the insulin-binding data in freshly isolated hepatocytes corrected for cell surface area. Insulin binding in nonobese controls should have been greater than in the obese subjects with or without diabetes, without any differences between these two latter groups. Thus, we raised the questions: (a) whether the data from the isolated hepatocytes were not representative of the in vivo data owing to redistribution of the insulin receptors during the 2-h isolation procedure; and also, (b) whether the differences between the obese patients with and without diabetes on the detergentextractable insulin binding were due to varying degrees of solubilization rates owing to differences in membrane composition and thus not representative of in vivo data.
In an attempt to answer these questions, we first performed insulin binding in partially purified liver plasma membrane isolated from liver biopsies prior to cell isolation. Fig. 6 shows these data, which are essentially as predicted from the insulin binding in isolated hepatocytes. At every insulin concentration, insulin binding was higher in the nonobese control (P < 0.05-0.005) when compared with the obese with and without NIDDM. There was no difference between these two latter groups except that at Bound Insulin (ng/mg Protein) Finally, when a given amount of liver plasma membrane with equal insulin binding activity from obese subjects with or without NIDDM and nonobese subjects was solubilized and the insulin receptors were partially purified on a WGA-Sepharose column, the insulin-binding activity recovered in the three groups was the same, demonstrating that the rate of solubilization of detergent-extractable insulin receptor was unaffected by possible differences in chemical composition. Fig. 7 is an autoradiogram of the a-subunit of the insulin receptor cross-linked with '25I-insulin using 0.5 mM dissuccinamidyl suberate under reducing conditions and subjected to SDS-PAGE as described in the Methods section. There is no difference in the characteristics of this band in patients from different groups. As can be seen in Fig. 7 , the changes in insulin binding described in Fig. 5 are reflected in affinity labeling in that with identical protein concentrations the nonobese group that has the highest insulin binding also demonstrates the greatest radioactivity associated with the a-subunit of the insulin receptor. The different pattern of high molecular weight bands of low intensity in the groups was not a consistent finding and it is probably due to a varying degree of reduction by dithiotreitol in the different receptor preparations.
Insulin receptor kinase. The ability of insulin to stimulate the phosphorylation of the artificial exogenous substrate Glu80-Tyr20, was used to assess the protein kinase activity ofthe insulin receptors. These experiments were performed in parallel and under identical conditions as those performed in Fig. 5 for 125I_ insulin binding. Thus, the data can be expressed as per milligram of protein and also by bound insulin. of patients without diabetes, it had a blunted effect on the liver insulin receptor from subjects with NIDDM. Statistical analysis was not performed on the data generated with 1 X 10-10 M and 1 X 10-8 M insulin because liver from only three patients was used in each group. However, at 1 X 10-9 M and 1 X 10-7 M insulin (n = 7), this analysis demonstrates that there was no significant difference between the two nondiabetic groups, and that these two groups separately were significantly different from the NIDDM group (P < 0.025 at both insulin concentrations for the obese controls; P < 0.025 and P < 0.005 for 1 X 10-9
M and 1 X lo-7 M, respectively, for the nonobese group). The initial step in this study was to see whether isolated hepatocytes from patients with NIDDM were resistant to insulin, and then to see whether any changes in insulin receptor structure or function could explain the insulin resistance.
Human hepatocytes from obese patients with NIDDM are unresponsive to maximal insulin concentration with regard to AIB uptake, and those from obese subjects without NIDDM appear to have a diminished response to submaximal insulin concentration but they respond normally to maximal insulin concentration. Our data, however, do not imply that the human liver is universally resistant to insulin. It is important to note that in a given metabolic state one or more tissues may be resistant to insulin, but others may be responsive. Likewise, one tissue may be resistant to one hormone action but not to another.
Insulin binding in freshly isolated hepatocytes from obese patients with and without NIDDM is similar to the nonobese group when it is related to number of cells. However, if insulin binding is expressed per unit of cell surface area, it is decreased in both obese groups. This fact is also reflected by insulin-binding studies using liver plasma membranes. However, in plasma membrane preparation, insulin binding at tracer insulin concentrations (1 X 10-10 M) is increased in NIDDM compared to weight-matched nondiabetics. It is possible that these subtle changes in insulin binding are affected by the cell isolation procedure or that the preparation of liver plasma membrane exposes some additional insulin-binding sites that are not normally available at the cell surface. Our demonstration of decreased insulin binding in liver plasma membrane in obesity is similar to the previous finding ofAmer et al. (34) . The decreased insulin binding may at least partially explain the decreased insulin sensitivity in obesity. However, a similar degree ofdecrease in insulin binding cannot explain the most severe insulin resistance found in obese diabetics.
The insulin binding data on the total pool of detergent extracts is of considerable interest. Although these preparations contain insulin binding from plasma membranes, the contributions of the latter represent only -20% of the cellular insulin binding in the rat hepatocytes. The predominance ofintracellular insulin receptors, as compared with those in the plasma membranes, has been previously reported (27, [48] [49] [50] [51] . This pool of receptors is significantly decreased in obese patients with NIDDM and only slightly decreased in obese controls. Thus, in obesity alone, the decrease in insulin receptor appears to be mainly at the plasma membrane, whereas in NIDDM there is also a decrease in the intracellular pool ofinsulin receptors. The mechanism of these alterations is largely unknown. However, our ability to have a viable cell preparation should permit future studies of insulin receptor synthesis, degradation, and recycling.
Because the structural characteristics of the hepatic insulin receptor in the three groups of patients we have studied were identical, at least as determined by the affinity-labeling method of Pilch and Czech (40), and we believe that the changes in insulin binding observed in NIDDM cannot, by themselves, explain the insulin resistance, we studied the insulin receptor kinase activity-one of the newly recognized functions of the insulin receptor (52) .
The interaction of insulin with its receptor in the plasma membrane is known to trigger both the phosphorylation and dephosphorylation of several cellular proteins, which may be a basic regulatory mechanism in hormone action (53) (54) (55) . Recently, it has been shown that insulin binding induces phosphorylation of the ,B-subunit ofthe insulin receptor and that the insulin receptor itself is a tyrosine-specific protein kinase with the ability to phosphorylate exogenous substrates and presumably, also, endogenous substrates (52, (56) (57) (58) (59) (60) . Thus, it has been hypothesized that the phosphorylation and protein kinase activity of the insulin receptor might mediate insulin action. Indeed, several lines of evidence (61) (62) (63) (64) , but not all (36, (65) (66) (67) (68) , support this hypothesis.
Our study suggests that diminished insulin protein kinase activity of the insulin receptor provides a possible mechanism for the postinsulin-binding defect of insulin action in the hepatocytes from patients with NIDDM. Insulin-stimulated protein kinase activity of insulin receptors is clearly diminished in NIDDM, whether the data are expressed as per milligram of protein or as per nanogram of insulin specifically bound to the receptor. Because ofthe limited amount ofhuman liver available, receptor autophosphorylation could not be studied. Thus, our studies do not imply that autophosphorylation of the insulin receptor is also defective in NIDDM in that the dissociation between autophosphorylation and the ability to phosphorylate exogenous substrates has already been reported (64) . Furthermore, because the biological significance of these experiments performed in a free-cell system is not completely clear at this time, and there are important differences in these processes if they are examined in an intact cell system (69) , our data are only supportive of the hypothesis that the insulin resistance in NIDDM is at least partially due to a defect in the insulin receptor kinase.
